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Abstract 

X e  have calculated how t h e  pulsed f r a c t i o n  v a r i e s  a s  a 

f u n c t i o n  of oot ica l  depth for a v a r i e t y  a€ qeometries o f  t h e  

distribution of matt ctl lati  

were t h e n  applied to  o b s e r v a t i o n s  of t h e  X-ray sources Rer X-1, 

Cyg X - 3 ,  and XO538-66. The 'iercttles resu l t s  indicate  a s t ronq  

c o r r e l a t i o n  b e t w e e n  the p u l s e d  f r a c t i o n  s i n t e n s i t y  and are  

t n t i r e l y  c o n s i s t e n t  w i t h  an i n t e r p r e t a t i o n  whereby v a r i a t i o n s  iff 

b o t h  garameters a r e  d u e  t o  t h e  i n t e r v e n t i o n  of v a r y i n g  a m o u n t s  of 

m t t e r  S e t w e e n  the 9 ar and t h e  observer. A similar c o n c l u s i o n  

c a n  3e analled t3 :fie AO538-66 3bservat ions.  :ri +,he case :>E Cyg 

Y - 3 ,  we . o e r f ~ r ? r e d  a search for  a e r i o d i z  7 u l s a t i o n s  3 n  s u b s e c o n d  

:Faescales. Y e  absence o f  3nv d e t u c t s c i  n u l s a t i o n ,  toasther  w i t h  

3 u t  z a l z u l s t i o n s ,  a r 9  shown t o  he J n t L r 3 1 y  c o n s i s t e n t  ..$it5 t h e  

a s s u n o t i ~ n  3 €  3 S D h e r i c s l  s h e l l  3 f  ,:as s r w n d  :he r l e u t x n  s t a r .  

:.;e ;uagest :!tat studies :?IS 9uLsed f r a c t i a n  3s 3 f u n c t i o n  o f  

I n t i n s i t - !  z z m n p l i ~ e n t  studies ? E  soeccrl.11 v a r i a t i o n s  a n d  can 5e 

l s e d  3s an 3 d d i t i a n a l  ' j i a g n o s t i c  too l  i n  ar?er to u n d e r s t a n d  t h e  

T a t u r e  oE t h e  d i s t r i b u t i o n  of n n a t t o r  T u r r o u n d i n q  t h e  g u l s a t i n g  Y- 

r a y  i j o u r c 9 s .  
M '  

Sub i e c t  Yead i nqs : 3u lsa r3-J t3rs : ne t u r o n - x - r a y s  : S i n a r  ias- 

s c a t t e r  i n q  : T!mmpson 



r.  Introduction 

X-radiation p a s s i n g  through matter is scattered. S c a t t e r i n g  

removes some r a d i a t i o n  from the  l i n e  of s i g h t  w h i l e  3 r i n g i n q  

radiation from o t h e r  d i r e c t i o n s  i n t o  t h e  l i n e  of s i g h t .  

Scattqkrinq has t h e  effect a& a l t e r i n q  t h e  l s sd  f r a c t i o n .  In 

t h i s  paoer ue c o n s i d e r  Thomson scattsrinq from a cold gas and 

study t h e  variation of t h e  mlsed E r a c t i o n  w i t h  ont ica l  d e p t h .  

in S e c t i o n  TI we p r e s e n t  c a l c u l a t i o n s  €or t h r e e  d i f f e r e n t  

qeometrias: 9 c v l i n d r i c a l  s h e l l ,  a soherical s h e i l ,  and a u n i f o r m  

sohere, e a c h  surraundinq a n  X-rsv wlsar. Tn S e c t i o n  T I T ,  we 

aoa ly  t h e  results of ?ut c a l c u l a t i o n s  to the X-ray sources =fer X- 

1, Sva : < - 3 ,  and AQ53R-Cjbr %hers -*e 3elievc3 t he  three d i f C s r @ n t  



11. 

a *  General 

we consider an X-ray p u l s a r  as an isotrooically e m i t t i n c t  

b l i n k i n q  on and 

3 h R l  i f  calc 

t h e  size af  the pulsar and cT are b o t h  very much less than the 

cha rac t e r i s t i c  dimension of the s u r r o u n d i n s  medium. fn t h e  

ions which we c o n s i d e r  30th khese c o n d i t i o n s  ear to  

satisfied. 

scatrarinqs Sefate Seina detacted.  Let t ) d t  5e t h e  

c o r r e s a o n d i n q  f r  c ion  d e t s c t e d  Setwean the times : and t * lfkO 
3 u s  d 

a 

3 !t)dt E L  
n 

f =  
1. 

? =  Z ? .  ( 2 )  
n 310 

The <3bsetved ternoocal prsfila € t o m  t h i s  s i n q l e  deLts Function 

~ u l s e ,  a(t)dt, i s  then simply 



L 

Since w e  have t o  c o n s i d e r  many ~UISBS, the eauilibrium 

lse profile wi 

p r e v i o u s  n u l s e s .  We define G ( t l d t  as t h e  number of nhatons 

detected Setween t and t,+dt,  where  

' 2 p t i ~ a l  It3pti-s f s c  e l ec t ron  s c a t t s r i n q  {: 1 .: 2 ) .  T h i s  condition 

3110~s 3ne t o  a c c u r a t e l y  astimate Tr, by 2nLg z a l c u l a t i n a  "(t). 

I n  o r d e r  to obtain an e x p r e s s i o n  €or  Fp ; ~ e  arocsed as 



foliaws. First we rewrite equation ( 4 1 ,  as 

where 

and 3( t )  inc ludes  the remaining terms. S i m i l a r l y  we can writa 

# 

> €  h e i n c  :!ececteci at :,he end >f 3. ?uLse .  i t  f o l l a w r ;  than that: 



c. Spherical Geometry 

In this section we c a l c u l a t e  ?,(t) and Pl(k) in order to 

estimate F p  for  the cas8 where  the pulsar  is a t  the o r i q i n  of a 

s p h e r i c a l  s h e l l  of i n  

@ X g b i t  che spherical symmetry a 

emerging from the scattering - d i m .  Thus we qat 7 = 1 and t h e  

fraction of unscatkered photons is 

-s 

'0 " e  
€ 3  

3ere 1 = COS 1, - ( 3 1 ~ 1 )  is t h e  optical thickness th rwgh  which t h e  

above photon will traverse, 3 is t h e  mass absota t ion  coefficient 



s i t y .  

The d i f € e r e n c e  i n  

t a l  optical 

the a r r i v a l  t i m e ,  tdc of a single 

scattered ?hoton and an unscat tared  ohoton is ( s e e  also Fiqute 1 )  

= tot* f - s (1-3) . !lS) 'd c 

wner- 3 is the ipeed ? €  L i g h t .  tt is zanvenilant to deEine 

with t?lese new v a r i a h l s s ,  

irhe re 



c 

2 r 1 / t 2  i t c 2 f 
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OIt 

(28  1 

'Jsing Eutiat ns (7) and (101, the pulsed fraction can be 

written as 

v h e r e  T' Is t h e  dinensionless period (TI  = TC/R?) " and jmax is 

defined Sy 

jmax = T n t ( % / T '  - 11 . ! 30 1 

;sometr/ to validate the 33ftware and $0 z a L c u l 3 t i m s  :leszritr 

1 3  3action ib, m d  than to 2rovi3e the  r e s u l t s  E31: this .:ase. 

T h e  s i r n u l a t i a n  took i n to  account  311 >criers of s c a t t a r i n g  and 

t a b u l a t e d  the emergina ghotons  3ccc)tding to t h e i r  direction. 

Typical results for D h o t o n s  travelino sssentiaily r.wiislL 

autwacd $ r a m  t h e  axis ? €  t h e  c y l i n d e i  a r e  Listed i n  Table 2 .  



e. Genera l i za t ion  

The pulsed f r a c t i o n  t h a t  we? have c latasd is th 

r e l e v a n t  €or a a o i n t  s o u r c e  e m i t t i n g  a a u l s e  of r a d i a t i o n  which 

is a de l t a  t i o n  in eim The i n t r i n s i c  terngar 

d i s t r i b u t i o n ,  of c o u r s e ,  is not a d e l k a  fu 

g i v e n  t h e  a c t u a l  d i s t r i b u t i o n  I , ( t )  of the  s o u r c e ,  t h e n  t h e  pulse 

s h a p e  of t h e  observed r a d i a t i o n  c a n  !x obtained by canvolvina o u r  

r e s u l t s  w i t h  the d i s t r i b u t i o n  Io( t ) .  

T h i s  convoLution n u s r  be I l i ed  t 3  t h e  m e r a i n a  

? r o b a b i l i t y  d i s t r i b u t i o n ,  ? 3 ( t ) .  The new d i s t r i b u t i o n  . r i l l  :7e 

t. 

'It fbllows ttzen t h a t  3 1 1  ? €  the p r 9 v i o u s  a l i s -  *ill 



The effect oE c a r r y i n g  out the  tion i n  ea. ( 3 2 )  would 

to  smear P , ( t )  i n t o  a w i d e r  t empora l  d i s t r i b u t i o n  ? A t t ) .  

i n t r i n s i c  d u t y  cycle of the pulses are small, then there w i l l  

If t 

d o u r  del ta  Eun a t e  di 

applicabfe. xf the sraeatrina is sianificant, however, then it is 

a v i d e n t  t h a t  t h i s  will c a u s e  the second term in ea. ( 3 3 )  to Se 

Latqer than it  xould 5at for the d e l t a  function case. f h i  

t u r n ,  means t h a t  the q c t u a l  aufsed f r a c t i o n  is smaller t h a n  w e  

'lave calculated. 



LEI. &plications and Results 

ction now apply our calcu 

approximat ions  to the configurations of natter near the  X-ray 

sources Rer X-1 (cylindrical shral l ) ,  Cyg X-3 (spherical  sharl l ) ,  

and 30538-66 (uniform spherical c l o u d ) .  Far each sourcer we have 

supplemented b l i s h e d  measurements a€ the pulsed fraction 

a d d i t i o n a l  c I t s  a b t s i n e d  5y us throuqtt an analysis af 

o b s e r v a t i o n s  of these s o u r c e s  5y the  :?onitor ?roportional 

( Y P C )  (GaiLlardeCz +t 3 1 . 1  1978; ’;rindlay +t 31., :350; Xeisskopf 

b c  a l . ,  L981) aboard the E i n s t e i n  abser*rat3tv .  

T h e  ? r e c a s s i o n  is s u q q e s t e d  t~ h r i n c ;  the m t 8 r  reqians ( r i m )  

:he d i s K  S e t w e e n  t h e  n e u t m n  s t a r  and t h e  4 x m r v e r ;  the 

zansecfuent 3ttenuation causes the ob$ar*retl c h a n g e  i n  i n t e n s i t y .  
& 

Tecfianism (Rondo 2t sl., 1953; :Inranan 3t a i . ,  1 9 8 5 ) .  

Yer K - 1  .also d i s o l a v s  rfios i n  its  X-ray i n t e n s i t y  

w e r y  3 r 3 i t a l  c v c l e ,  s t s r t i n t l  j m t  5ef2,te :he - . c t i n s e  and  

narching away from the t i m e  o€ e c l i p s e  sr i th  t h e  proaression oE 



C 

i t a 1  cycles. These d i p s  have been suggested t o  be duet to 

surge of matter i n j e c t e d  by the D r i m a q  into the outer r e g i o n  

the a c c r e t i o n  disk in 3 p e r i o d i c  fashion (Crosa and 3oynton, 

L980). Xen the incrbased amount aatcer at  her r i m  comi 

in between c a u s e  

d i p .  Recent ly ,  i t  vas f o u n d  t h a t  the X-rav i n t e n s i t y  i n  t h e s e  

d i g s  is not c o n s t a n t ,  5 u t  d i s p l a y s  f lars  l ika  i c t i v i t y  (Oqelman, 

a t  z t l . ,  1984: D i l  V r t i l e k  st a l . ,  19 ) .  The o r i q i n  of  t h i s  

a c t i v i t y  is maybe wave-lifts d i s t u r b a n c s s ,  i n d u c e d  

n a t t e r  i n j e c t e d  3 t  the e d g e  3f the a c c r s t F m  ? i s k .  The t roucrhs  

I n  t h i s  -*rave w i l l  Lsad t3 reduced m o u n t  2f ? a t t b r  i n  t h e  l i n e  of 

3 t t r i S u t e . J  to shsorg t ion  !y c ~ L d  w t t g c ,  3nd .#e i s soc iare  the 

e issumotio high I n t e n s i t y  results * i t5  - - 9, 
~ D O U ~  the qeometry and d e n s i t y  7f  t h e  s c s t t s r i n u  m e t j l u m ,  we CJR 

2redic t  the reduction i n  wised  fraction. 



a 

We assume t h a t  the outer rsqio 

approximated by a cylindrical s h e l l  of uni form densi ty  at a 

distance of L O L 1  cm and a t h i c k n e s s  of the same v a l u e  (see 

tlayakawa, 1982 1 .  The expected nulsrjd fracti  for T r?f L and 1 

and two d i f f e r e n t  values of the h e i q h t  of t h e  c y l i n d e r  were given 

in Table 1. Associating the high i n t e n s i t y  s t a t a  with r = 9 

i m p l i e s  3 t of L to reduce  the i n t e n s i t y  Erom 6d to 23, The 

w r r a s p o n d i n g  r e d u c t i o n  i n  pulsed f r a c t i o n ,  for h/R7 = 1, imp1 

a change i n  t he  3ul sed  E r s c t i o n  tr 0 .55  to 11.32, w h i c h  Is to 

mmpared w i t h  the  chserved v a l u e  of 3 . 2  2 0.98. The aareement 

Zence, the c a r r e L s t i o n  ? f  '-,he x l s a d  f rac t i sn  w i t h  

s c a t t t r i n a  Sy cold Tatter and s u p p o r t s  models d h i c h  S u u c e s t  t h a t  

tha c h a n g e s  i n  X-ray i n t s n s i t - 1  3er '(-1, Fgr 30th :he 35 ' jay 

#? 

t h e  X-ray source 3nii :ha ~ h s e r v e r .  

The :<.-ray source Eva U - 3  has a n  X-rsy ? m i n o s i t - /  CI€ 

a b o u t  l a 3 *  ?cas 5 - l .  T h e  source :ids Seen observed i n  ",e i a m m a  

r a y ,  X-ray, i n f r a r e d ,  and  radio Sands S u t  not i n  t h e  v i s ih ler ,  



The infrared (Mason et ala, 1976) and X-ray emission 

( P a r i s i g n a u l t  %?t 31., l9722t Elsner et al., 1980 and r e f e r  

1 show a 4.8 h r  var ia t ion which i s  attributed t o  t 

orbital n o t i o n  of a neutron s t a t  arou emnoanion. I t  

suggested (Milgrom, 1976; ?l%lqrorn and Pines, 1978; and Si 

Ilaraschi, and Treves ,  1977) t h a t  t h e  neutron s t a r  is a east 

r o t a t o r  ~ i t 3  ?I p e r i o d  DE tlhe order oE a tens oE snilli 

somewhat sinrilar to t h e  pulsar i n  t h e  Crab :Jebula. The 3 . 8  hr 

?er iodic i t . l  is then axplained Sv ? o s t u l a t i n q  3 spherical shell of 

?as 3round the q e u t r m  s t a r  svstnm i:lFfcrrom, 1976; and 'lilnrom 

and : i = h t  seconds as the F r s j e c t e d  radi \ i s  o€ a c i r c u l a r  

o r b i t .  :;e thzn r e p e r f o r n e d  the Fast ' o u r i s r  TransE3rrm 

a n a l y s i s .  Aaain, w e  found no e v i d e n c e  €or p u l s a t i o n s .  



I '  ' 

i s  s c c i v e ,  t h e  X-ray amiss ian ~ C C U C S  in f l a r e s  L a s t i n q  s e v e r 2 1  

hours to days. The flares recur every 1 6 . 6  days ( S k i n n e r  et al., 



C '  ' 

.. 
1980 1. The X-ray emission d i s p l a y s  a 69 nilliseconds p e r i o d i c i t y  

(Skinner et al., 1 9 8 2 ) .  The 16.6 day neriodicity is a t t r i b u t e d  

to o r b i t a l  period of a neutron star i n  an accentric orbit 

a t b i t i n g  a 38 star. The X- smiss ion  occurs when t h e  neut 

star is near aeriastron (Charles et a l . ,  1983; Xpparao, 1985) .  

C h a r l e s  et 31. ! ? 3 8 3 )  suqgest that a c l o u d  of  as is famed m a r  

n e c i a s t r o n  due t o  the kidal  g u l l  of t h e  neutron sear snd t h e  

a c c r e t i o n  of this qas onto t h e  n e u t r m  s t a r  r e s u l t s  i n  X-ray 

e m i s s i o n .  Aoparso (1985) gses the fact t h a t  7e stars  ate known 

i n  1'381 February, d h i c h  was j h o r t s r ,  dhen t h e  aversqa f l u x  

.+,as - L O  YPC c o u n t s  s-1. T7e nower l a w  sgectrsl index was -0.6 

i n d i c s t i n c r  3 harder spectrus. The i 9 0 ,  3 0 % )  confidence tJPPeF 

L i m i t  'Laahv +t 31., 1 9 8 3 )  f o r  the p u l s e d  fraction rlas Pn 5 

3 . 1 9 .  The \ l ecrease  i n  i n t e n s i t y  for t5c +acond Jbservation and 

t h e  h a r d e n i n g  of t h e  spectrum indicate absorption by mat ter  and 



that the  optical depth w s Larger than i n  the  f i r s t  

o b s e r v a t i o n .  Proceeding as f o r  3er X-1, w e  assume t h a t  t h e  € i r s t  

o b s e r v a t i o n s  correspond to 7 - 9 .  On t h i s  3s p t i a n  then ,  tl 

i n d i c a t e d  increase i n  7 is - 1 . 2  sndr  u s i n q  t curve i n  Fig. 2, 

t h e  p r e d i c t e d  reductian i n  P is by 3 f a c t o r  a€ 3 ,  n o t  

i n c a n s i s t e n t  u i t h  our o b s e r v a t i o n .  Future ob  r v a t i o n s  o f  the 

change of the p l s e d  Craction durina f l a r i n g  .sC XQS38-66 could 

2,rovide f u r t h e r  information as to the  a t r x t u r e  of m t t s r  near  

che a e r i a s t m n  o€ t h e  n e u t r m  star. . 

e 
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Io. summary 

we have ca lcu la ted  the variat ion e x p e c t e d  in the observed 

aulsed e r j c t ions  of x-radiation Erm X-ray a u l s a r s  when matter o f  

three different g a o m s t r i e s - - c y l i n d r i c a l  shelf, h e r i c a l  shell, 

and uni form shell-is introduced between t h e  source and t h e  

observer. The results have %en applied to 3er : < - I t  Cya X - 3 ,  and 

f r a c t i o n  during the  35 day cycle indicate3 t ha t  t h i s  quasi- 

Teriodic ; l a r i a t i o n  is due to i n t e r v e n t i o n  OE ;?attar Setween  Her 

s 



' J  I 

These  resu l t s  were wn to be consistent with curre 

models where in  t h e  X-rays a r e  2raduced  when t h e  n e u t r o n  s 

Gasses throuqh a rina or cloud of gas a t  closest approach to t h e  

:Je feel that p r s l i m i n a r y  calculations and their 

semi - m a n  t i t st i ve a l icst ion to known systems have? 

the  usefulness 3f t h e  s t u d y  a€ v a r i a t i o n  i n  the p u l  Eraction 

as 5 new diagnostic tool for u n d e r s t a n d i m  *,he p h y s i c a l  

: a n d i t i o n s  i n  Ind iround the ? u l s i n l ;  X-ray b i n a r i e s .  This tml 



Table 1. Xonte  Carlo c a l c u l a t i o n s  o f  t h e  a u l  

source w i t h i n  a c y l i n d r i c a l  s h e l l .  

rad ius ,  "2 is t h e  outer  radius (30 th  measured i n  u n i t s  

of 1031 k i s  the R s i a h t ,  

t ical  thickness in t radial, direction. The pur 

p e r i o d  is  L.24  sec. 

1 .o 2 . 0  0 . 5  

i . 0  ? . 2  0 . 5  

1.3 2.n 1 . 3  
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